Background & Aims-Pharmacological approaches can potentially improve fatty liver condition in alcoholic and non-alcoholic fatty liver diseases. The salutary effects of reducing lipid synthesis or promoting lipid oxidation have been well reported, but the benefits of increasing lipid degradation have yet to be well explored. Macroautophagy is a cellular degradation process that can remove subcellular organelles including lipid droplets. We thus investigated whether pharmacological modulation of macroautophagy could be an effective approach to alleviate fatty liver condition and liver injury.
Introduction
Fatty liver is the most common early response of the liver to heavy alcohol consumption, which can render the liver more susceptible to inflammatory mediators or other toxic agents, leading to alcoholic fatty liver disease (AFLD) with the presentation of steatohepatitis, fibrosis, and cirrhosis [1] [2] [3] [4] . Nonalcoholic fatty liver disease (NAFLD) is a condition ranging from benign lipid accumulation to steatohepatitis and cirrhosis. NAFLD may be considered the hepatic event in an overall disturbed metabolic status and is therefore linked with common metabolic syndrome risk factors such as obesity, insulin resistance, dyslipidemia, and hypertension [5] [6] [7] [8] . Fatty liver diseases, whether caused by alcoholic or nonalcoholic factors, seem to share similar mechanisms and pathologic features [4, 9] . Alcoholic and nonalcoholic steatosis can be a reversible presentation of the liver pathology and reduction of steatosis could halt or slow the progression to inflammation and fibrosis.
Although life-style changes could be most beneficial in handling AFLD or NAFLD, this may not be always practical or sufficient Hence, it would be important to develop specific pharmacological approaches to control hepatic steatosis. Consequently, pharmacological interventions have been attempted for NAFLD [10] [11] [12] . While the mechanisms could be multiple, the main results seem to be related to an increased utilization of the fatty acids and/ or their efflux out of the liver. Alternative approaches, such as that aiming at the promoting of lipid degradation had not been well explored.
Macroautophagy (referred to here as autophagy) is an essential cellular degradation process with important pathophysiological significance [13] . Autophagy involves the formation of double-membraned autophagosomes, which envelop the substrates and fuse with the lysosomes for degradation. Autophagy is now known to be widely involved in the pathogenesis of many human diseases and is activated under a variety of stress conditions. Autophagy actively participates in liver physiology and pathogenesis [14, 15] . Autophagy can constitute an effective defense mechanism against multiple pathological insults, including alcohol and non-alcoholic fatty liver conditions [13, [16] [17] [18] [19] . Autophagy can regulate the intracellular level of lipids through its function in removing lipid droplets (lipophagy) [16] . Inhibition of autophagy in cells cultured with lipids or ethanol increases intracellular lipid content [16, 19] Loss of the autophagy capacity in vivo also alters fatty liver condition and liver injury induced by high fat diet or acute alcohol exposure [16, 18] . Conversely, genetically enhancing autophagy by over-expressing an autophagy gene, Atg7, could improve hepatic steatosis and insulin resistance in ob/ob mice and in high fat diet (HFD)-fed mice [17] . These observations led us to postulate that autophagy modulation via pharmacological agents may offer a new strategy for treating fatty liver conditions. While many agents could simulate autophagy in vitro, few have been tested in vivo, particularly in mammals. Rapamycin is a well-established autophagy inducer by inhibiting mTORC1, which control the activation of the core autophagy machinery [20] . Rapamycin could reduce the level of Malory-Denk bodies, one of the hall markers of chronic ethanol intoxication, in genetically susceptible mice through autophagy degradation [21] , and the level of steatosis in mice given binge alcohol drinking [18] . Another FDA-approved drug, carbamazepine (CBZ), has been used as an anti-epileptic drug, but can induce autophagy by disturbing inositol metabolism [20] . Although direct evidence lacks that CBZ can induce autophagy in the liver, its application in mice was found to promote degradation of α1-antitrypsin mutant proteins in a transgenic model [22] .
We thus investigated whether pharmacological modulation of autophagy in the liver with CBZ and rapamycin could be effective for alleviating fatty liver conditions caused by an alcoholic or non-alcoholic etiology. Indeed, we found that the autophagy-enhancing drugs alleviated liver steatosis, liver injury, and dyslipidemia in both alcohol-fed and HFD-fed mice. These findings indicate that the autophagy-promoting drugs have important implications as a new genre of therapeutic agents for fatty livers.
Materials and Methods

Reagents
Ethanol was purchased from Pharmaco, Inc. (Shelbyville, KY). Other chemicals were from Sigma, Invitrogen, or Calbiochem. Antibodies used were anti-LC3 [23] , anti-β-actin (Sigma, St. Louis, MO), and horseradish peroxidase-labeled secondary antibodies (Jackson ImmunoResearch Lab., West Grove, PA).
Animal models
Wild type C57BL/6 mice and GFP-LC3 transgenic mice [24] were used in this study. All procedures were approved by the Institutional Animal Care and Use Committee. For the acute ethanol treatment, mice were intraperitoneally given ethanol (33%, v/v in normal saline) at a dose of 1.2 g/kg body weight [25] . Control mice received the same volume of normal saline. For chronic ethanol treatment, mice were given the Lieber-DeCarli low fat liquid diet for 4 weeks as previously described [26] .
Ethanol-containing diet was prepared with ethanol added to the liquid diet base (DYETS, #710261, Bethlehem, Philadelphia, PA) accounting for 29% or 36% of the total calorie intake (1 kcal/ml). Control diet substitutes ethanol with maltose dextrin to account for the same level of calorie requirement. In the HFD model, mice were fed with a regular chow diet (Fat 14%, Lab Diet, #5P76) or a HFD (60% kcal in fat; Research Diets, #D12492) for 12 weeks. Pharmacological modulation of autophagy is achieved by intraperitoneal administration of chloroquine (60 mg/kg), rapamycin (2 mg/kg) or CBZ (25 mg/kg) unless otherwise indicated in the figure legends.
Cell culture
Murine hepatocytes were isolated and cultured in William's medium with 10% FCS as previously described [18] . For modulation of autophagy hepatocytes were cultured in Earle's Balanced Salt Solution (EBSS) or treated with ethanol (80 mM), CBZ (50 μM), rapamycin (5 μM) or 3-methyladenine (10 mM). Autophagy was assessed as previously described [18, 27] by long lived protein degradation assay and GFP-LC3 quantification, in which cells were pre-infected with adenoviral GFP-LC3 the night before the indicated treatment.
Biochemical analyses
Hepatic and plasma triglycerides (TG) were determined using a commercial kit (Pointe Scientific, MI) [18] . Levels of blood ALT, glucose and insulin were measured using a kit from Biotron Diagnostics (Hemet, CA), an Ascensia Contour glucose meter (Bayer HealthCare, IN), and a commercial kit from Millipore (Billerica, MA), respectively. Levels of insulin resistance were determined by Homeostatic Model Assessment (HOMA = [fasting glucose (mmol/l) × fasting insulin (μU/ml)]/22.5) with a conversion factor of 1 μU/ml = 6 pmol/l for insulin measurement [28] .
Immunoblotting and fluorescence microscopic analyses
Immunoblot assays with liver lysates were performed as previously described [23] . Cryosections of livers were stained with Bodipy 493/503 (0.1 μM) for 15 minutes for quantification of lipid droplets [18] . GFP-LC3 puncta were quantified for autophagy status. All fluorescence images were digitally acquired with a Nikon epifluorescence microscope (Nikon TE200). At least 150 cells from different fields were examined for each mouse and the number of mice used per treatment group was indicated in the figure legend.
Quantitative RT-PCR
Total RNA was extracted from livers and quantitative RT-PCR was performed as previously described [29] using cyclophilin A as a housekeeping gene control, which remains stable in the liver under different conditions.
Statistical analysis
Quantitative data (mean±SEM) are subjected to Student's t test or one way ANOVA with Holm-Sidak post-hoc analysis, using SigmaStat 3.5 (Systat Software, Inc., San Jose, CA).
Results
Carbamazepine promoted autophagy in hepatocytes
CBZ has been shown to possess a pro-autophagy activity in several cell lines [20] . It also promotes an effective clearance of aggregated α1-antitrypsin mutant proteins in mouse livers [22] . In order to determine whether CBZ could be used to alleviate fatty liver condition through autophagy induction we first examined whether CBZ could directly induce autophagy in hepatocytes.
Mice expressing GFP-LC3 in the liver have been successfully validated to determine the response to autophagy stimuli [18, 24] . We found that an injection of CBZ into the GFP-LC3 transgenic mice caused a significant accumulation of GFP-LC3 puncta in the liver (Fig.  1A-B) . Treatment of isolated primary hepatocytes with CBZ (Fig. 1C) confirmed the induction of autophagy to the same level caused by rapamycin, a well-studied autophagy inducer that works by inhibiting mTOR [20] (Fig. S1) . Importantly, co-injection with chloroquine (CQ) in vivo (Fig. 1A-B) , or co-treatment with baflomycin A 1 in vitro (data not shown), both of which can block autophagy degradation in the lysosome, further elevated the punctuation, indicating that CBZ-induced autophagosomes were degraded in the lysosome [18, 30] . The autophagic flux level in the presence of CBZ was about 75% more than that in the absence of CBZ (Fig. 1B) . Consistent with the involvement of the core autophagy machinery, CBZ and rapamycin-induced autophagy in hepatocytes were suppressed by 3-methyladenine (3-MA), which inhibits the class III PI-3 kinase required for the induction (Fig. 1C) . Finally, CBZ, like rapamycin and starvation (culture in EBSS), elevated 3-MA-suppressible long-lived protein degradation in hepatocytes (Fig. 1D) , which is a key functional index of autophagy induction [27] . Taken together, these observations indicated that CBZ, like rapamycin, could clearly activate autophagy in hepatocytes.
Carbamazepine alleviated acute ethanol-induced liver injury
Acute ethanol administration in mice through oral gavage [18] or intraperitoneally (data not shown) induced autophagy in the liver, which depends on its metabolism and reactive oxygen species, and involves mTOR inhibition [18] (Fig. S1) . Consistent with the enhanced induction of autophagy co-treatment with CBZ or rapamycin significantly reduced ethanolinduced hepatic steatosis as measured by the number of LDs and the level of TG in the liver and plasma (Fig. 1E-G) . These changes were accompanied with a reduced liver injury as shown by the decreased ALT level in the blood (Fig. 1H) , indicating an overall protective effect of autophagy. In contrast, CQ inhibits autophagic degradation and promoted ethanolinduced steatosis and injury (Fig. 1E-H) . Notably, CBZ could antagonize the detrimental effects of CQ as measured by these parameters. This observation suggested that CBZ was potent in causing a larger extent of autophagy than what could be suppressed by CQ at the dose used, thus leading to a net gain of autophagy capacity.
We further showed that at this dose CBZ did not have major effects on the expression of several genes important for lipogenesis or fatty acid oxidation (Table 1 ). This observation supported the notion that the effect of CBZ could be mainly mediated by its autophagyenhancing effects. Interestingly, rapamycin could noticeably, although not significantly, alter the expression of Acox1 and Cpt1a, suggesting that its effects on hepatic steatosis could be also mediated by regulating lipid oxidation.
Autophagy remained active and protective against liver pathology caused by long-term ethanol administration
Pharmacological augment of autophagy may be particularly beneficial in long-term ethanol treatment where autophagy function may be affected more significantly than in the acute condition [31] . We thus examined the autophagy status in the liver of mice given the LieberDeCarli ethanol diet for 4 weeks. Using GFP-LC3 mice we found that there were more autophagosomes in the livers of mice given ethanol diet than in the livers of mice given control diet ( Fig. 2A-B) . This difference was particularly notable when the degradation was inhibited by CQ ( Fig. 2A-B) , which would indicate an increased autophagosome formation [18, 30] . In addition, a higher value in the presence of CQ within the same diet group (either the control or the ethanol diet group) indicated that there was an autophagy flux resulting in enhanced degradation. That this difference was larger in the ethanol diet group than the control diet group indicated an increased autophagosome degradation stimulated by ethanol. In addition, immunoblot analysis of the lipidated LC3 (LC3-II) indicated a significant increased formation and degradation in the ethanol diet group (Fig. 2C) . Moreover, the level of p62, an autophagy target, was reduced following ethanol treatment, which could be reversed by CQ (Fig. S2) . Finally, the activities of some of the key lysosomal enzymes were noticeably increased in the ethanol groups, although variations were observed (Fig. S3) .
Functionally, suppression of autophagic degradation with CQ further increased hepatic steatosis induced by ethanol diet as measured by Bodipy staining (Fig. 2D-E) and by the level of TG in the liver and the blood (Fig. 2F-G) , indicating that lipophagy remained active in these chronically treated mice. Consistent with the acute ethanol model, administration of CQ increased liver injury significantly (Fig. 2H ) and slightly increased liver inflammation (Fig. S4) , suggesting that the autophagy function was required for cellular protection against ethanol toxicity in the chronic condition.
We then reasoned that if autophagy function could be further enhanced the liver pathology would be improved accordingly. Indeed when these mice were given CBZ or rapamycin we observed a reduced level of steatosis as measured by the level of LDs (Fig. 3A-B ) and hepatic TG (Fig. 3C) . The blood TG level was also reduced (Fig. 3D) . Accompanied with these improvements, the blood ALT level was significantly lower in autophagy-enhanced groups than in the control group (Fig. 3E) . As in the case of autophagy inhibition (Fig. 2) the impact of autophagy enhancement was observed in mice receiving ethanol diet. Taken together, these observations indicate that pharmacological agents aiming to enhance autophagy could reduce chronic ethanol-induced liver injury.
Enhanced autophagy could improve fatty liver condition in HFD-fed mice
Fatty livers are also commonly observed in non-alcoholic conditions and one well established case is that caused by HFD. To determine whether pharmacological modulation of autophagy could also affect non-alcoholic fatty liver condition, we treated HFD-fed mice with CBZ or rapamycin. The agents were given two or three times in the last week of a 12-week feeding scheme with the intention of a transient application to avoid potential side effects. We found that this short-term treatment nevertheless could significantly reduce hepatic steatosis (Fig. 4A-B ) and hepatic and blood TG levels ( Fig. 4C-D) . The plasma ALT level was also noticeably, although not statistically significantly, reduced (Fig. 4E) . Interestingly, insulin resistance was improved as well, as measured by the level of blood glucose and insulin (Fig. 4F-G) . These observations were consistent with a previous finding that over-expressing an autophagy gene, Atg7, in the liver of HFD-fed mice or the ob/ob mice improved fatty liver condition and insulin resistance [17] . Thus it seems that pharmacological modulation of autophagy could be also beneficial in NAFLD.
Discussion
Acute ethanol exposure through binge drinking [18] or intraperitoneal injection (this study) could clearly activate cytoprotective autophagy. Our present studies also showed that autophagy remained active under chronic ethanol treatment administrated through a widely adopted 4-week regimen of the Lieber-DeCarli liquid diet with the final ethanol content accounting for 29% or 36% of the total calorie of the diet. Flux analysis based on either imaging or biochemical analyses showed that there was a net increase of autophagic degradation. Suppression of the degradation with lysosome inhibitors led to increased liver injury and steatosis, suggesting that the autophagy function remains to be pathologically relevant.
However, since prolonged ethanol treatment can affect vesicular trafficking and lysosome function, which could adversely affect autophagy [31] , it has to be cautioned that our present results do not rule out the possibility that the capacity of autophagy degradation could be at its suboptimal condition under the 4-week Lieber-DeCarli regime, despite that it is at a level higher than that at the basal condition. It is also possible that in a more severe regimen and/ or over a longer period autophagy function could eventually deteriorate although different components of the autophagy pathway may have different susceptibility. It is thus interesting to note that the cathepsin B activity, but not that of several other lysosomal enzymes, was reduced in the 36% ethanol group, but not in the 29% ethanol group (Fig. S3) , reflecting the above considerations. While these issues have yet to be fully explored, it does seem clear that it would be beneficial to maintain or enhance the autophagy capacity in the liver to improve the pathological condition. The need of such modulations is further precipitated by the current lack of effective remedies treating AFLD.
The present study demonstrated that pharmacological enhancement of autophagy with either CBZ or rapamycin reduced liver injury. We have found that CBZ and rapamycin can induce autophagy in hepatocytes. Unlike in non-hepatocytes [32] , rapamycin seems to be able to fully suppress mTOR activity in hepatocytes as indicated by the dephosphorylation of both p70S6 kinase and 4E-BP1 [18] (Fig. S1 ). While enhanced autophagy could result in increased degradation of multiple targets, one of the key targets examined in this study is the lipid droplets. Earlier studies have demonstrated that autophagy is important in controlling hepatic lipid level in both alcohol and non-alcohol conditions [16] [17] [18] [19] . We found that both CBZ and rapamycin stimulated the reduction of hepatic steatosis and blood TG levels, which could in turn lead to an overall reduction of total cellular free fatty acids content and thus contribute to the overall reduction of liver injury [4, 5, 9] . Although not examined in this study, other effects of autophagy, such as removing damaged mitochondria, would be also expected to play a role in enhancing the protection against liver injury [13, 18] .
Notably CBZ and rapamycin were also effective in reducing hepatic steatosis and dyslipidemia in mice fed with high fat diet for 12 weeks. Conversely, chloroquine treatment would further enhance hepatic steatosis and liver injury (data not shown). As for AFLD, there are also very limited options in mitigating NAFLD although several clinical trials are now showing promising results [10] [11] [12] . NAFLD and AFLD seem to share similar pathogenesis that involves progression from simple steatosis to steatohepatitis, fibrosis and cirrhosis [4, 5, 9] . In addition, NAFLD can be part of the metabolic syndrome that also presents with dyslipidemia, insulin resistance and Type II diabetes [6] [7] [8] .
Although it is limited, emerging evidence now indicates that the progression of NAFLD is associated with a reduced function of autophagy in both ob/ob and HFD-fed mice [16, 17] .
Genetically over-expressing an autophagy gene, Atg7, reduced hepatic steatosis and the associated endoplasmic reticulum stress presentation [17] . Furthermore, this genetic manipulation also resulted in reduced insulin resistance, consistent with the notion that treatment of liver presentation could lead to improvement of metabolic syndrome overall [6, 7, 12, 17] . Our present study provides the first example of achieving the results using available pharmacological agents that simulate autophagy, indicating that this strategy could be considered as a novel approach for alleviating the liver condition in NAFLD as well as in AFLD.
Pharmacological reduction of hepatic steatosis in both AFLD and NAFLD by CBZ and rapamycin would be most likely related to the enhanced autophagy degradation of lipids, or lipophagy, as supported by our present studies. This notion is consistent with previous reports using rapamycin to reduce Malory-Denk bodies [21] and using CBZ to reduce mutant α1-antitrypsin proteins [22] in the livers of genetically altered mice. However, it cannot be ruled out that in different regimens these drugs could have additional effects on other mechanisms affecting lipid turnover. This may be relevant in the case of rapamycin, which seem to be able to up-regulate genes like Acox1 and Cpt1a (Table 1) . It is possible that rapamycin can promote clearance of steatosis through its stimulating effects on both autophagy and fatty acid oxidation although the relative contribution of the latter is not clear.
CBZ has been used in clinic to treat seizures and trigeminal neuralgia and is well tolerated. The mechanism is not entirely clear but it can inhibit myo-inositol-1-phosphate synthase and reduce inositol and IP 3 levels, which could be also related to how it induces autophagy [20] . This is different from rapamycin, which induces autophagy by inhibiting mTOR complex 1. There is an advantage of CBZ over rapamycin in clinic in that the latter could have adverse effects in other systems, such as the immune system. There are still several more welltolerated drugs, such as sodium valproate and verapamil [20] , that are currently used in clinic for other purposes, but are known to stimulate autophagy in vitro. All these agents could be potentially explored for their autophagy-enhancing effects in fatty liver conditions. Taken together, pharmacological modulation of autophagy for AFLD and/or NAFLD could be a novel strategy that can take the advantage of existing medicines that have a high safety profile.
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